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 
Abstract— In 2016, we have designed, built and finally tested at 
the FE200 facility in Le Creusot (France) a planar mock-up 
mimicking the water-cooled cylindrical resonance cavity of the 
European 170 GHz, 1 MW gyrotron to be used for electron 
cyclotron plasma heating in ITER. The aim of the mock-up is the 
characterization of the cooling capability of the cavity. A Glidcop® 
target is heated with an electron beam gun with resulting peak 
heat fluxes relevant for the full-size cavity. Underneath the target 
surface, whose temperature is monitored by means of a pyrometer, 
a set of parallel semi-circular mini-channels, with diameter of 
1.5 mm, allows the flow of pressurized water, entering the mock-
up at ~ 9 bar and 40 °C. Several thermocouples measure the target 
temperature, at different distances from the heated target surface. 
The experimental results show that the mock-up is capable to 
withstand a heat fluxes of 21 MW/m2, while the cooling system 
keeps the heated surface below ~ 400 °C, for flow conditions 
comparable to those of the full-size cavity. The test results are used 
to first calibrate the uncertain model parameters and then, with 
frozen parameters, to validate a previously developed CFD model, 
showing good agreement with the experiment. In view of its 
reliability, this model might eventually be a useful tool for the 
simulation of the full-size gyrotron cavity operation.  
 
Index Terms— CFD, boiling, gyrotron cavity mock-up 
 
I. INTRODUCTION 
Plasma heating and current drive in tokamaks can be obtained 
injecting high power electromagnetic waves into the plasma at 
the Electron Cyclotron frequency. ITER will adopt gyrotrons in 
its heating and current drive system [1], which convert the 
rotational kinetic energy of electrons in microwave energy in a 
resonator, called “cavity”, see Fig. 1. 
In the European 170 GHz, 1 MW gyrotron for ITER [2], the 
cavity is a hollow cylinder (with a diameter of few cm and a 
thickness of few mm) made of Glidcop® (a copper based alloy) 
which can nominally withstand high operating temperatures 
and thermal cycles. The cooling enhancement of the water-
cooled cavity, where the peak heat load can reach 20+ MW/m2 
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on a very short (~ 1 cm) region, is currently based on the 
Raschig Rings technology [3]. As an alternative to that, mini-
channels (MCs) drilled in a Glidcop® annulus have been 
proposed, based also on Computational Fluid Dynamics (CFD) 
preliminary analysis, which demonstrated that this solution 
could reach higher cooling performance thanks to the high 
Reynolds number mainly due to the high fluid speed in the 
channels [4]. After the optimization of the MC layout, to 
account for the manufacturing and test constraints, in 2016, we 
have designed and built a planar mock-up, with the aim of 
assessing the cooling capability of the MC cooling option. The 
mock-up was eventually tested at the FE200 facility in Le 
Creusot (France), monitoring of the heated surface temperature 
as a function of the cooling mass flow rate and heat load. (Note 
that the flat geometry was adopted, in hydrodynamic similarity 
with the full-size cavity, to be compatible with the facility 
constraints, see below). 
In this paper, the mock-up design is presented, and the 
hydraulic similarity with the full-size cavity hidden behind its 
design is shown. The results of the measurements are 
summarized and discussed. Then the computed results, 
obtained using the commercial software STAR-CCM+ [5], are 
presented. 
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Fig. 1.  Schematic view of the inner part of the full-size gyrotron cavity 
(resonator in orange) in a stainless steel envelope, for the European 170 GHz, 
1 MW gyrotron for ITER. The inner diameter of the cavity is ~ 2 cm. 
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II. THE MOCK-UP LAYOUT 
The sections of the final version of the mock-up equipped with 
MCs are shown in Fig. 2. The central region of the structure is 
made of Glidcop® (CuAl15 [6]), a copper-aluminum alloy 
widely used in the gyrotron field, in which the set of MCs is 
drilled, while the external structure of the mock-up is made of 
copper. In the upper part of the central region, a set of 
thermocouples are also installed.  
The mock-up structure is made by three different regions, see 
Fig. 2b, which are brazed together on their perimeter. Region 1 
has a circular shape (~ 45 mm in diameter) and constitutes the 
so-called target, where the heat load is expected to be deposited 
on an area of 28 mm x 28 mm. 
The hexahedral block above the MCs (region 2) is placed in 
contact with the block where the channels are drilled (region 1) 
and brazed externally on the copper structure. On the top of the 
structure in Fig. 2, a lid closes the part of the mock-up not 
exposed to the heat load and holds the thermocouples in place 
(region 3). 
In total, 19 equal-spaced semi-circular MCs with diameter of 
1.5 mm are drilled in region 1, ~ 2 mm apart from the heated 
surface. That distance is compatible with an actual design of 
mini-channels (MS) in the full-size gyrotron cavity, so that the 
cavity inner surface would still deform uniformly in the radial 
direction during steady state operation. The minimum channel-
to-channel distance between any MCs is 0.5 mm. As Fig. 2b 
shows, the channels are positioned with the curved side exposed 
to the heated surface.  
A. Design of the bypass channels 
To mitigate the pressure drop across the mock-up and meet the 
facility pressure operation range, two identical 
5.5 mm × 5.5 mm square bypass channels are drilled in the 
hexahedral region (see inset in Fig. 2b), at the two opposite 
bottom corners in region 2 (see Fig. 2b), in parallel with the 
MCs. The by-pass channels are sized in order to obtain 
hydraulic conditions (Reynolds number) similar to those in the 
full-size gyrotron at the nominal mass flow rate, see below, 
using the simplified pressure loss model reported in Fig. 3. 
Following the coolant direction: R1 gives the localized pressure 
loss due to the enlargement of the flow cross section from the 
mock-up inlet pipe to the mixing chamber upstream of the 
central block. R2a (R5a) and R2b (R5b) give the contributions 
of inlet (outlet) section of mini-channels and bypass pipe, R3 
and R4 take into account the distributed pressure losses along 
the MCs and bypass channel, respectively, and R6 gives the 
localized pressure drop due to the reduction of cross section 
from the manifold downstream of the block to the mock-up 
outlet pipe. Since it is difficult to evaluate analytically the effect 
on the pressure drop due to the variation of flow area in the 
mock-up inlet and outlet, it has been evaluated numerically by 
means of a pure hydraulic simulation without any obstacle 
along the fluid path, see below for details. 
The localized pressure loss at the MC and bypass inlet and 
outlet (R2a, R2b and R5a, R5b in Fig. 3) have been evaluated 
considering the variation of flow area from and to infinite 
regions by the correlation (1) [7]: 
 
∆𝑝𝑅2+𝑅5 = 1.4 ×  
𝐺2
2 𝜌
                               (1) 
 
where: 𝐺 [kg/(s m2)] represents the specific mass flow rate in 
any channel, and 𝜌 is the fluid density. 
The distributed pressure loss inside MCs and bypass channels 
have been evaluated considering the correlation (2): 
 
∆𝑝𝑖 =  𝑓𝑅𝑖 × 𝜌 
𝑣2
2 𝐷ℎ
𝑙                               (2) 
 
where: 𝑣 is the fluid speed, 𝐷ℎ and 𝑙 are the hydraulic diameter 
and the length of the channels, respectively;  𝑓𝑅𝑖  is the friction 
factor of the different channel geometry, given in the semi-
  (a) 
 (b) 
Fig. 2.  CAD model of the cavity mock-up equipped with MC: (a) cut on the 
symmetry plane; (b) cut in a plane orthogonal to the MC. The various regions 
of the mock-up are also represented: (1) target region, (2) Glidcop block that 
closes the MC and includes the bypass channels, (3) copper lid of the mock-
up. The inset on the left shows the detail of one of the two bypass channel. The 
inset on the right shows in blue the region in which the water flow is present 
(the flow direction is normal to the plane section). 
Inlet
Outlet
Target
33 mm
Heat load
1
2
3
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channel
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Fig. 3.  Sketch of the simplified model for the evaluation of the pressure loss 
in the cavity mock-up equipped with mini-channels. The mass flow rate 
repartition is highlighted in light blue while the various hydraulic impedance 
are highlighted in yellow. 
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empirical correlations (3) and (4) for the rectangular and semi-
circular channels, respectively. 
 
𝑓𝑅3 = [0.79 × log(𝑅𝑒𝐶) − 1.64 ]
−2                  (3) 
 
𝑓𝑅4  =  [– 1.8 ×  log10 (6.9/𝑅𝑒)]
−2 ×  𝑔(𝑐)             (4) 
 
𝑅𝑒𝐶 in (3) is the Re number corrected with a function of the 
rectangle aspect ratio [8], and Re in (4) is the Reynolds number 
evaluated using the hydraulic diameter as characteristic length, 
while the function g(c) depends on the channel geometry. For 
the semicircular ducts in complete turbulent flow regime 
g(c) = 1, while for laminar conditions g(c) = c/64, where c is 
63.017 [9]. 
Fig. 4a shows the characteristics curves obtained with different 
by-pass channel side dimension. The flow rate region between 
36 l/min and 90 l/min, see below, and limited to 5 bar 
represents the working condition suitable for the test campaigns 
on gyrotron mock-up. The analytical results obtained shows 
that the 5.5 mm solution allows respecting the constraint of a 
maximum pressure drop of 5 bar imposed for the test campaign 
with the mass flow rate of 90 l/min [6]. 
The representativeness of the flow condition of the full-size 
cavity, in terms of Re number inside the MC, is guaranteed by 
the mass flow rate of 70 l/min in the mock-up test campaign 
(see Fig. 4b), with ~ 18% of the total mass flow rate flowing 
through the MC region.  
III. TEST RESULTS 
A. Facility, diagnostics and operating conditions 
The experimental campaign on the cavity mock-up has been 
performed on December 1st, 2016 at the Areva NP Technical 
Centre of Le Creusot (France) in the FE200 test facility (see 
Fig. 5). The mock-up is placed inside a vacuum chamber with 
internal pressure maintained at 10-5 mbar. The mock-up is 
connected to the primary hydraulic loop in which the water flow 
could be adjusted between 0.6 kg/s (~ 36 l/min) and 6 kg/s 
(~ 360 l/min). The primary hydraulic loop can be regulated in 
temperature up to 230 °C and inlet pressure between 6 bar and 
 (a) 
  (b) 
Fig. 4.  (a) Pressure drop as a function of the flow rate computed with the 
simplified model of the cavity mock-up, for different dimension of the bypass 
channels (solid lines). The region included in the dashed rectangle highlights 
the operational range of the facility (b) Left axis: estimation of the fraction of 
the mass flow rate inside the MC (solid line with symbols) and right axis: 
comparison between mock-up (dotted line with symbols) and full size cavity 
(thick dashed line) average Re number inside the MC. 
 
Fig. 6.  Sketch of the thermocouples location in the mock-up (thermocouples 
numbered from #1 to #11). The inset shows the zoom of the region where the 
9 thermocouples are positioned, together with their relative distance. The flow 
direction is also shown with the light blue arrows. 
TABLE I 
DISTANCE OF THE THERMOCOUPLES FROM THE HEATED TARGET SURFACE 
Label Distance from the heated surface 
TC#1, TC#6, TC#7 4.75 mm 
TC#2, TC#5, TC#8 5.75 mm 
TC#3, TC#4, TC#9 7.75 mm 
 
 
Fig. 5.  Sketch of the FE200 test facility. The vacuum chamber (black thick 
line) together with the mock-up (dark grey), the electron beam (pink region) 
as well as the mock-up cooling circuit (red and blue arrows) are shown. Also 
the relevant diagnostic is represented (pyrometer and IR camera in red boxes, 
flow meters, pressure taps and temperature sensors in green boxes). (Adapted 
from [10]) 
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33 bar. A secondary loop is used to cool-down and to regulate 
the primary circuit. The coolant conditions of the primary 
coolant circuits are monitored by means of water mass and 
pressure meters at the mock-up inlet and two T-type 
thermocouples located before and after the mock-up [10]. 
The temperature measurement of the heated surface is provided 
by a pyrometer pointed on the target center and an infrared (IR) 
camera. While the data of the IR camera are not available due 
to issues in the data acquisition, the pyrometer has been 
calibrated in the range 265 °C – 455 °C [10], with an 
uncertainty lower than 0.2°C. The temperature inside the solid 
structure of the mock-up is measured by a set of 11 K-type 
thermocouples: 2 thermocouples are placed upstream and 
downstream the MCs region directly in the water stream, while 
the remaining 9 are positioned inside the Glidcop® hexahedral 
block. The position of the thermocouples and the distance with 
respect to the heated surface are shown in Fig. 6 and Table I, 
respectively. The error of the K-type thermocouples is 
considered equal to ± 1.5 °C. 
Different water flow rates (nominally 36, 50, 70, 80 and 
90 l/min) were tested during the measurement campaign, with 
an inlet pressure of 8.9 – 9.7 bar and an inlet temperature of 
40 °C in all cases. 
The target surface is heated by the electron gun on a 
28 mm × 28 mm surface in the center of the target region. The 
heat entering the mock-up (Qin) is computed by calorimetry 
from the power extracted by the coolant and qin is the heat load 
computed by Qin and the dimensions of the heated area. The 
difference with respect to the power in output from the electron 
gun (Qgun) can be attributed to the radiative losses from the hot 
target surface, as it roughly scales with (Tsurface4 – Tambient4), see 
Fig. 7. The presence of radiative losses is peculiar of the planar 
geometry of the cavity mock-up: in the (final) cylindrical 
geometry of the gyrotron cavity, the hot surface is the inner side 
of the cavity itself, therefore the radiative losses are negligible.  
B. Measurement results 
The measured hydraulic characteristics of the mock-up at the 
Areva premises is reported in Fig.8, showing that the 
experiment results falls nicely around a quadratic fit in the mass 
flow rate, as expected. If, from one side, no information on the 
exact position of the pressure taps is available, although we 
know that the measured pressure drop should also include some 
minor pressure losses outside from the sample, on one other 
side the sensibility of the instrumentation is not available. The 
comparison with the pressure drop computed using the 
simplified analytical model, see above, gives a good agreement 
with an error lower than 10%.  
 
Fig. 7.  Ratio between the experimental power losses (defined as Q = Qgun -
Qin) and the difference between ambient and pyrometer temperatures to the 
fourth power as function of the heat load from calorimetry (qin). The results 
available at various mass flow rates are represented (symbols). 
 
Fig. 8.  Measured pressure drop across the mock-up, for the different tested 
flow rates (squares) and simulated flow rates (triangles). The quadratic fit of 
the experimental data (solid line), as well as the computed hydraulic 
characteristic (dashed line), are reported. 
 
Fig. 9.  Glidcop block bulk temperature measured by thermocouple TC#1 at 
the different tested mass flow rates as function of the heat load. (The position 
and the label of the thermocouples are described in Fig. 6). 
 
 
Fig. 10.  Surface target temperature measured by the pyrometer at the different 
tested mass flow rates as function of the heat load. 
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The heated surface temperature measured by the pyrometer at 
the different heat loads computed from calorimetry (qin), for the 
different flow rates, are displayed in Fig. 9. Inside the 
pyrometer calibration range, the trend of the signals shows an 
increasing temperature with the heat load for a given mass flow 
rate, and an increasing temperature for the same heat load when 
the mass flow rate decreases, as expected. The temperatures 
measured by the thermocouples show a similar trend, see the 
test results of TC#1 for instance in Fig. 10. However, the 
reconstruction of a 3D map of the temperature inside the 
Glidcop block is difficult in view of the uncertainty on the 
actual location of the junction of the thermocouples, so that we 
can look at trends of the same thermocouple but not compare 
directly the temperature measured by different thermocouples. 
IV. SIMULATIONS 
The simulations on the mock-up are performed with the 
commercial software STAR-CCM+ v. 11 [5]. 
A. Geometry 
The geometry used in the simulations is shown in Fig. 2, with 
the only difference that the thermocouples are removed in the 
simulation computational domain. Symmetry of the geometry, 
boundary conditions for the solid domain and driver allow the 
simulation of just half of the mock-up. 
B. Material properties 
The temperature dependence of the material properties (density, 
thermal conductivity and specific heat) for Glidcop® and 
copper is taken into account in the simulations [11], [12]. 
The dependence on pressure and temperature of the liquid water 
properties is taken from [13], while the vapor properties are 
evaluated at the saturation temperature, corresponding to the 
pressure at the end of the MC region. 
C. Boundary conditions 
The simulated tests have been limited to three most relevant 
cases characterized by an inlet mass flow rate of 36 l/min, 
70 l/min and 90 l/min, considering a 28 mm x 28 mm square 
shaped heat load applied to the heated zone of 5, 10, 12, 15, 18, 
21, 24 and 27 MW/m2 (note that we apply directly to the mock-
up the heat load as resulting from the calorimetry on the sample, 
so that the modeling of the radiative losses can be neglected). 
D. Model and simulation setup 
The setting of the steady-state simulations is described here: 
 3D, steady state 
 Turbulence model: k- SST [14], All y+ Wall 
Treatment  
 Gravity: off. 
The boiling model used is called in the software “Single Phase 
Boiling Model” [5], a very simple model which simulates the 
fluid as single phase and evaluates the heat load extracted by 
the boiling using the Rohsenow correlation (5) [5]. 
 
𝑞𝑏𝑤 = 𝜇𝑙ℎ𝑙𝑎𝑡√
𝑔(𝜌𝑙−𝜌𝑣)
𝜎
(
𝐶𝑝𝑙(𝑇𝑤−𝑇𝑠𝑎𝑡)
𝐶𝑞𝑤ℎ𝑙𝑎𝑡𝑃𝑟
𝑛𝑝)
3.03
  (5) 
 
where 𝜇𝑙 is the liquid dynamic viscosity, ℎ𝑙𝑎𝑡  is the latent heat 
of vaporization, 𝑔 is the gravitational acceleration, 𝜌𝑙 and 𝜌𝑣 are 
the liquid and vapour density, respectively, 𝜎 is the surface 
tension, 𝐶𝑝𝑙 is the liquid heat capacity at constant pressure, 
𝑇𝑤 − 𝑇𝑠𝑎𝑡 = ∆𝑇𝑠𝑎𝑡 is the difference between the wall 
temperature and the saturation temperature, 𝐶𝑞𝑤 is an empirical 
coefficient depending on the liquid-solid interface conditions 
(materials, surface conditions, …), and 𝑃𝑟 = 𝜇
𝐶𝑝
𝑘
 is the Prandtl 
number with its exponent 𝑛𝑝 = 1 [15]. The use of this model is 
justified by the low impact on the flow dynamics of the vapor 
bubbles generated at the MCs surfaces. The production of vapor 
is in fact expected to be low due to the high velocity inside the 
channels and the small area of the channels reached by high heat 
load >15 MW/m2. 
Due to the lack of information on the coefficient 𝐶𝑞𝑤 for the 
water-Glidcop® interface, the value 0.0147 (characteristic of 
the coupling water and lapped copper) is assumed [16]. 
Due to the presence of the contact interface between the block 
with the mini-channels (region 1 in Fig. 2b) and the hexahedral 
block above (region 2 in Fig. 2b), two set of simulations are 
performed modifying the value of the thermal contact resistance 
(Rc). In the first set of simulations the thermal resistance is 
considered zero, perfect contact between the two blocks; later 
the simulations are characterized by Rc = 1e-5 m2 K/ W, which 
is inside the range of validity for copper-copper contact 
resistance [16]. 
The characteristics of the mesh used in all the simulations are 
defined in order to obtain inside the MCs region a value of wall 
y+ > 30 at the fluid-solid interface, as prescribed by the selected 
models, for any working conditions simulated, see the appendix 
A. Due to the very different flow conditions observed in the 
channels and in the other part of the structure, the wall y+ 
condition above is not satisfied everywhere, but the “All 
Wally+ Treatment” developed in the turbulent model adopted 
guarantees accurate results for any condition. The grid 
independence of the solution has been carefully checked. 
As far as the simulation run is concerned, at any flow rate, 
steady-state pure hydraulic simulations are performed first, and 
then the heat load is switched on (segregated energy solver 
model) and increased step by step. 
E. Comparison to the experimental results 
The hydraulic characteristics, computed in absence of heat load, 
matches the experimental one (if we take seriously the data 
measured during the mock-up test campaign) within an 
accuracy of 10 %, see Fig. 8 (similar quality of agreement is 
found if the Realizable k- model [17] is used, not shown). 
The computed mass flow rate distribution between the MCs and 
the by-pass channels is described in Table II, in which the 
average Reynolds number (Re) inside the MCs is also evaluated 
confirming the representativeness of the tests at the 70 l/min 
 
TABLE II 
TOTAL INLET MASS FLOW RATE, COMPUTED MASS FLOW RATE IN MCS AND 
RE IN THE MC REGION. 
Inlet mass flow rate MC mass flow rate Re 
630 g/s (36 l/min) 110 g/s 0.9x104 
1140 g/s (70 l/min) 210 g/s 1.7x104 
1500 g/s (90 l/min) 280 g/s 2.3x104 
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flow rate for the full size cavity (where the design Re is 
~ 1.8 x104) [18]. 
The main features of the experimental surface temperature are 
reproduced by the simulations at any flow rate and heat load, 
see Fig. 11, although the measured target temperature is 
systematically underestimated by the model by up to ~ 50 K (in 
the worst case, i.e. the case at the lowest flow rate), which 
corresponds to a relative error on the temperature increase up to 
~ 20 %. The agreement improves when a finite contact 
resistance between the target and the hexahedral block is taken 
into account, see above, with a maximum relative error on the 
temperature increase below 15 %. That corresponds to a 
maximum error (over-estimation) on the maximum heat load 
handling capability up to ~ 20 % at 70 l/min. The effect of 
boiling in the simulations is shown by the variation of the slope 
of the curves toward the higher heat loads, that is more evident 
for lower mass flow rates which are characterized by wider 
boiling phenomena. 
While the residual difference between computed and measured 
surface temperature remains unexplained, it is shown in Fig. 11 
how it increases when the boiling phenomena are more 
pronounced. Should the new pressure drop measurement be 
confirmed, a lower fraction of the mass-flow rate in the mini-
channels region than what is currently computed, would lead to 
a much better agreement in the evaluation of the target surface 
temperature, especially when the convective part of the heat 
transfer to the coolant is dominant on boiling (not shown). As 
far as the thermocouples are concerned, Fig. 12 shows the 
detailed comparison between the computed values and the 
experimental results neglecting or considering Rc. While the 
computed temperature without Rc largely disagree with the 
measured values, the effect of the inclusion of the contact 
resistance Rc in the model is quite remarkable: its value has 
been tuned on a single case (36 l/min and 24 MW/m2) and 
then frozen. The error computed by the simulation at the 
different thermocouples, both in terms of absolute error and 
relative error at the highest heat load (27 MW/m2), at the 
different flow rates is reported in Fig. 13. The relative error 
is computed as the difference between the experimental and 
the computed temperatures, divided by the difference 
between the experimental temperature and the inlet 
temperature of the coolant (40 °C). Considering the 
uncertainties of the experimental campaign [10] (e.g. exact 
location of the thermocouples measurement point, 
measurement uncertainties, data acquisition uncertainties), 
and the uncertainties of the simulations, we consider the 
(a) 
(b) 
Fig. 12.  Comparison between experimental (circles) and computed (lines) 
temperatures at the position of the TC#1 with Rc = 0 m2W/K (a) and Rc = 1e-
5 m2W/K (b). The different colors correspond to the different tested mass flow 
rates.  
 
  (a) 
(b) 
(c) 
Fig. 11.  Comparison between the pyrometers temperature (circles) and the 
computed maximum temperature on the heated surface (solid lines with 
triangles and squares), for a mass flow rate of: (a) 36 l/min, (b) 70 l/min and 
(c) 90 l/min, respectively, considering the two values of Rc employed in the 
analysis. 
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comparison between experimental and computed results to be 
satisfactory, with a maximum relative error lower than 22 % 
and maximum temperature difference lower than 5 °C. 
Note that no comparison is meaningful on the TC#10 and 
TC#11, since the former just measures the inlet temperature, 
being upstream of the heated region, while the latter shows just 
a marginal temperature increase, while the former is in the 
mixing chamber downstream of the heated region, but located 
very far from the heated surface. 
Summarizing, the relative difference between the measured and 
computed peak temperature increase on the target surface 
remains below 15% in the worst case, with an average relative 
error of 10%. The overall relative error on the temperature 
increase measured by the thermocouples inserted at different 
locations in the Glidcop block is on average below 10% as well.  
The effect of a different turbulence model (Realizable k-) 
on the computed results is negligible both in terms of maximum 
temperature on the heated surface and temperature on the 
thermocouples positions. 
The relevant effect of the contact resistance, see also Fig. 14, is 
due to the different repartition of the heat load coming from 
heated surface. A parallel path is available to the heat flow: a 
conductive one through the solid teeth of the MCs in contact 
with the above-placed hexahedral block, in which the 9 
thermocouples are positioned, and a convective one to the water 
boiling flow. In case of an additional contact resistance placed 
between the MCs and the hexahedral block above them, the 
conductive path is characterized by a higher thermal resistance, 
therefore less power reaches the block where the thermocouples 
are present and a lower temperature is detected in that region. 
On the other hand, more power goes to the fluid. Nevertheless, 
being the subcooled nucleate boiling very efficient in terms of 
heat transfer, the effect on the maximum surface temperature is 
not as relevant (> 50 °C) as the one on the thermocouples. 
V. CONCLUSIONS AND PERSPECTIVE 
A planar mock-up of the cavity of the European 170 GHz, 
1 MW gyrotron for ITER has been designed with a set of semi-
circular mini channels (diameter = 1.5 mm) to remove the heat 
load impacting on the Glidcop® target, and with a couple of 
square by-pass channels (5.5 mm side) to allow the flow 
conditions in the MC regions to be representative of those in the 
full-size cavity. 
The experimental results confirm the pressure losses as 
evaluated by a simplified analytical model used for the 
preliminary design procedure, and by CFD, giving and indirect 
confirmation also of the estimated mass flow repartition 
between the MCs and the bypass channels. 
The mock-up showed that a heat load of ~ 21 MW/m2 can be 
removed by the forced flow of highly sub-cooled pressurized 
water in a set of mini-channels, while still keeping the 
maximum surface temperature below 400 °C (in flow 
conditions representative of the full-size cavity). The mock-up 
was also successfully exposed to a heat load of 27 MW/m2 
reaching ~ 450 °C at the lowest mass flow rate. 
The test results were also used to calibrate and validate a CFD 
model of the system based on the commercial software 
STARCCM+, with particular attention to the choice of the 
turbulence and boiling models and to the effect of the contact 
thermal resistance Rc between the Glidcop® target and the bulk 
the structure of the mock-up. 
In perspective, the good agreement between simulations and 
measurements (within 15 % for the surface temperature 
increase, or 20 % for the maximum heat load which the device 
can handle at the mass–flow rate relevant for the full-size 
cavity) shows that the model can be considered a reliable tool 
for the thermal-analysis of a full-size gyrotron cavity equipped 
with mini-channels. 
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Fig. 14.  Computed temperature maps (working conditions: 36 l/min, 
24 MW/m2) on a plane orthogonal to the mini-channels direction in the center 
of the target surface of the mock-up with. Rc equal to 0 m2K/W (a) and 10-
5 m2K/W (b). 
 (a) 
 (b) 
Fig. 13.  Comparison between experimental and computed results in terms of 
(a) absolute and (b) relative error for working thermocouples, at the various 
tested mass flow rates and qin = 27 MW/m
2. Errors are computed considering 
thermocouples accuracy of ±1.5 °C. 
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VI. APPENDIX A: VALIDATION OF THE BOILING MODEL 
 
The boiling model adopted in the simulations (see above) has 
been validated in a controlled case study against correlations 
available in literature [15]. The case study consists in a 
uniformly heated pipe, long enough to guarantee fully 
developed thermal and hydraulic profiles. The heat flux has 
been imposed as driver of the simulations computing as output 
the wall temperature.  
The comparison, see Fig. 15, has been performed in terms of 
heat flux vs. Tsat, defined as Tsat=Tw-Tsat.  
Different quantitative trends are obtained using the correlations 
and this is explained by the fact that they have been obtained 
from different sets of experimental results [15]. On the other 
hand, as expected, the computed results with different values of 
the mass flow rate show the very same behavior, since in 
presence of subcooled boiling the inlet velocity as well as the 
initial sub-cooling do not affect the heat transfer performance. 
Further, it can be observed that if boiling is not present, the heat 
transfer capability are much more downgraded with respect to 
those with the boiling enabled. Note that the single phase 
boiling model needs a mesh with y+ > 30 in order to correctly 
switch on the Rohsenow correlation [5]. 
Finally, the comparison of the correlations with the computed 
results shows a good agreement both at low fluxes with the 
Thom correlation as well as at high fluxes with the McAdams 
one. The single phase boiling model is therefore able to 
reproduce correctly the heat transfer enhancement due to 
subcooled nucleate boiling. 
 
 
Fig. 15.  Comparison of the typical subcooled nucleate boiling correlations 
(solid, dashed and dash-dotted lines) with the results obtained varying the mass 
flow rate of the CFD simulations (dashed lines with symbols).  
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